In order to better understand the reconstructive ferroelectric-paraelectric transition of Bi2WO6, which is unusual within the Aurivillius family of compounds, we performed first principlescalculations of the dielectric and dynamical properties on two possible high-temperature paraelectic structures: the monoclinic phase of A2/m symmetry observed experimentally and the tetragonal phase of I4/mmm symmetry, common to most Aurivillius phase components. Both paraelectric structures exhibit various unstable modes, which after their condensation bring the system toward more stable structures of lower symmetry. The calculations confirm that, starting from the paraelectric A2/m phase at high temperature, the system must undergo a reconstructive transition to reach the P 21ab ferroelectric ground state.
I. INTRODUCTION
The Aurivillius phases constitute a family of naturally occurring complex layered oxide structures in which fluorite-like (Bi 2 , etc. and m is the number of BO 6 octahedra in the perovskitelike blocks (m = 1 − 8) [1] . The oxidation states of the cations and m are interdependent to always provide the right number of electrons to oxygen atoms. This family has numerous representatives, the most studied being Bi 2 WO 6 (m = 1), SrBi 2 Ta 2 O 9 (m = 2) and Bi 4 Ti 3 O 12 (m = 3) [2] [3] [4] [5] [6] .
The ferroelectric properties of the Aurivillius phases have been widely studied since the early works of Subbarao [7] and Smolenski et al. [8] and they continue to rise technological interest mainly for their potential use in thin film non-volatile memory applications [9] . They are also attractive at the fundamental level because of the peculiarity of their phase transitions and the complex interplay of their structural instabilities.
Bi 2 WO 6 is the simplest member of the Aurivillius family with one oxygen octahedron sandwiched between two Bi 2 O 2 layers. It possesses many interesting physical properties such as ferroelectricity with large spontaneous polarization and high Curie temperature (950°C), piezoelectricity with a potential for high-frequency and hightemperature applications as an alternative to BaTiO 3 and PbZr 1−x Ti x O 3 [10] , high ion conductivity [11] and photocatalytic activity [12] .
Understanding ferroelectricity and the sequence of phase transitions in this compound is still challenging. Experimental studies [13] showed that Bi 2 WO 6 is polar at ambient temperature with orthorhombic P 2 1 ab (No. 29) structure. Rising the temperature reveals at 670°C a transition to an intermediate polar phase with orthorhombic B2cb (No. 41) structure. This structure is maintained until 950°C, then the material displays a transition to a paraelectric monoclinic A2/m (No. 12) structure. This type of ferroelectric-paraelectric transition to an A2/m phase is unexpected and rather unique among Aurivillius phases, where usually compounds transform at high temperature into a centrosymmetric tetragonal I4/mmm (No. 139) structure [6] . The same kind of behavior appears in Bi 2 MoO 6 , a compound isomorphic to Bi 2 WO 6 , which exhibits orthorhombic structures at low and intermediate temperatures and a monoclinic P 2 1 /c (No. 14) structure at high temperature [14, 15] . Such ferroelectric to paraelectric transitions from orthorhombic to monoclinic are necessarily reconstructive since the space groups of the low temperature phases are not subgroups of the high temperature phases (A2/m or P 2 1 /c), but rather of the I4/mmm structure.
We performed first-principles calculations in order to better understand these intriguing observations. Firstprinciples studies of Bi 2 WO 6 have been previously reported in the literature. Machado et al. [16] performed frozen-phonon calculations of the polar modes at the Brillouin-zone center in the hypothetical I4/mmm tetragonal paraelectric phase in order to clarify the microscopic origin of the ferroelectric instability. More recently, Mohn and Stolen [17] highlighted the modification of the oxygen arrangement around Bi atoms in the Bi 2 O 2 layers at the reconstructive ferroelectric-paraelectric transition. In the present work, we complete these studies by reporting a systematic investigation of the structural, dielectric and dynamical properties of both potential high-temperature A2/m and I4/mmm paraelectric phases. We investigate the energy landscape around these two phases. The structure and internal energy of various other intermediate phases, reached by the con- densation of individual or combined lattice instabilities at the zone center and zone boundaries of the Brillouin zone, are calculated. A diagram comparing the internal energy of various possible phases is then established, which confirms that starting from high-temperature paraelectric A2/m phase, the system must undergo on cooling a reconstructive phase transition to reach the P 2 1 ab groundstate structure. The spontaneous polarizations of different polar phases are also reported.
II. TECHNICALITIES
The calculations were performed within density functional theory [18, 19] , using a plane waves pseudopotentials method thanks to the ABINIT package [20] [21] [22] . The exchange-correlation energy functional was evaluated within the Local Density Approximation (LDA) as parameterized by Perdew and Wang [23] . Extended norm conserving pseudopotentials from Teter [24] were used, with Bi(5d 6s 6p), W(5s 5p 5d 6s) and O(2s 2p) lev- els treated as valence states. The wave functions were expanded up to a kinetic energy cutoff of 50 Hartrees. Integrals over the Brillouin zone were approximated by sums on a 6x6x1 Monkhorst-Pack mesh of special kpoints [25] . The structural optimization was done using the Broyden-Fletcher-Goldfarb-Shanno minimization algorithm (BFGS) [26] . We calculated the ab initio forces on the ions and relaxed the position of each individual atom until the absolute values of the forces were converged to less than 10 −5 Ha/Bohr. Phonons, Born effective charges and dielectric tensors were calculated using Density Functional Perturbation Theory [27] and spontaneous polarization using the Berry phase formalism [29] .
III. HIGH TEMPERATURE A2/m MONOCLINIC STRUCTURE
We begin our study by fully characterizing the experimentally observed paraelectric A2/m phase. In this structure for the first time, phonon instabilities are calculated together with dielectric properties and Born effective charges. Further, we will move on with the characterization of the hypothetical paraelectric I4/mmm phase.
A. Structure
The monoclinic A2/m paraelectric phase of Bi 2 WO 6 (conventional C2/m) contains 2 formula units per primitive unit cell (18 atoms). The structure, illustrated in Fig.1 layers. Within this structure the oxygen octahedra exhibit a peculiar edge-sharing along a-axis. Along b-axis, the oxygen octahedra are corner-sharing. As conventional for Aurivillius phases, the stacking axis normal to the layers is defined as the c-axis of the A2/m structure. The calculated lattice parameters and internal positions are shown in Table I . Except for the systematic LDA underestimate of lattice parameters, the results are in reasonable agreement with experiment. We notice that the lattice constants of Mohn and Stolen [17] within the generalized gradient approximation (GGA) are in closer agreement with the experiment. This might however be partly fortuitous: at the opposite to LDA, GGA is well know to overestimate lattice constants and this typical error (observed in the lower-temperature B2cb phase, as discussed in a next Section) might be partly compensated here by the thermal expansion, since the experimental results to which the zero-temperature calculations are compared have been done at 965
• C.
B. Dielectric properties
The study of the Born effective charges (Z * ) and optical dielectric tensor (ε ∞ ) is important for the identification of the long-range dipolar contribution to the lattice dynamic of a polar insulator. Our results for Z * of the non-equivalent atoms are presented in Table II . For clarity, we note that A2/m has its a and b axis aligned along the cartesian x and y directions, respectively, and c-axis makes an angle of (β -π 2 ) with z direction. Within this choice of cartesian axis, the Born effective charge tensor has the form:
The Born effective charges for this material are much larger than the nominal ionic ones and so follow the tendency observed for the class of perovskite ABO 3 compounds [30] . Giant Finally, the optical dielectric constant is computed:
6.49 0 0.08 0 7.25 0 0.08 0 6.37
  
We have no experimental values to compare with and our prediction has to be considered as an upper bound, because of the typical LDA overestimate of ε ∞ .
C. Phonon instabilities
Phonon calculations were performed to study the structural stability of the A2/m monoclinic configuration. The zone-center phonons were computed in the conventional cell of 36 atoms, with the primitive cell doubled along the b-axis. Due to the folding of the Brillouin zone, this gives access to the phonons at Γ and V . The full list of Γ frequencies is reported in Appendix for completeness. The system reveals four instable modes : two at Γ with frequencies at 108i cm −1 and 63i cm −1 , corresponding to the irreducible representations labels [32] Table III , where real-space eigendisplacements of these unstable modes are given, we can see that all of them restrict their atomic motions along b-axis direction only and that contrary to what is usually observed in other paraelectric Aurivillius phases, the A2/m monoclinic configuration is not unstable against oxygen octahedra rotational modes, which are prevented by the edge-sharing spatial organization.
The unstable modes were then individually condensed into the A2/m phase and each of the lower symmetry phases reached under these condensations is fully relaxed.
TABLE III. Real-space eigendisplacements η of the unstable phonon modes of the A2/m structure. The eigendisplacements are normalized within the 36 atoms cell according to < η|M |η >= 1, with the mass matrix M in atomic mass unit [28] . Internal coordinates of the atoms of the A2/m phase are those presented in Table I . Modes frequencies between brackets are in cm −1 .
Cell parameters (lengths in Å and angles in degrees) and difference of energies ∆Em with respect to the paraelectric monoclinic A/2m phase (in meV/formula unit) after full atomic relaxation of the different phases reached by the condensation of individual unstable phonon modes in the A/2m phase. The label and frequency ω ( in cm −1 ) of the mode that was initially condensed, together with the symmetry of the related phase are also mentioned. rom the results given in Table IV , we can see that the condensation of the polar unstable mode Γ lead to monoclinic P 1 (No. 2) structure. After the full relaxation, these phases exhibit nearly identical cell parameters and total energy values close to each others. The lowest energy configuration corresponds to the monoclinic P 1 phase arising from the condensation of V + 1 with a decrease of energy, with respect to A2/m phase, of 9.25 meV/formula unit. Further phonon calculations in this phase do not reveal any unstable mode, identifying it as a potential ground state.
D. Spontaneous polarization
As highlighted in the previous section, starting from the A2/m phase, a ferroelectric A2 structure can be reached from the condensation of an unstable Γ − 1 mode, giving rise to a polarization along the b direction. The amplitude of this polarization can be computed using the Berry phase formalism but requires to be cautious.
Indeed, the modern theory of the polarization (see for instance Ref.
[29]) teaches us that the spontaneous polarization P s of the ferroelectric A2 structure is related to the formal polarizations of the ferroelectric (P A2 ) and paraelectric (P A2/m ) phases by
where n is an integer and P Q = 2 e R/Ω is the so-called polarization quantum, with R the shortest lattice vector along the polarization direction and Ω the unit-cell volume. The factor of 2 accounts for the double band occupancy. From Eq. 1, the determination of P s from the only knowledge of the formal polarizations P A2 and P A2/m is only possible modulo P Q . This quantum indeterminacy arises from the fact that the formal polarizations of the P A2 and P A2/m phases are themselves only defined modulo P Q so that the value of P s depends on the specific choice of a polarization branch (i.e. choice of how we connect a given P A2/m point on the left to a given P A2 point on the right in Figure 2 ). Of course, P s is a well-defined quantity but its unambiguous determination additionally requires to determine n through the proper integration of the polarization current along an adiabatic insulating path between the paraelectric and ferroelectric phases.
When the polarization quantum is large compared to the spontaneous polarization, like in conventional ABO 3 compounds, the uncertainty can be easily fixed. But in materials like Aurivillius compounds that have large unit cells, the quantum is small and potentially of the same order of magnitude as the spontaneous polariza-tion (in the present case P Q =25.90 µC/cm 2 ) and getting rid of the quantum indeterminacy requires to follow the evolution of the polarization along the atomic distortion from the paraelectric to the ferroelectric phase. In practice, this can be achieved by computing the formal polarizations of intermediate structures as illustrated in Figure 2 . The choice of the appropriate branch (solid lines in the graph) becomes obvious when the change of polarization from one intermediate structure to the next one is small compared to the polarization quantum. From this, we deduce that the spontaneous polarization of the A2 phase is P s = 20.02 µC/cm 2 . We notice that this value differs significantly from the one that would have been naively deduced from the difference between the values of the formal polarizations in the interval [−P Q /2, P Q /2], as typically delivered in the output of conventional first-principles softwares (i.e. P A2 = -5.88µC/cm 2 and P A2/m =0µC/cm 2 yielding P s = -5.88µC/cm 2 ). Alternatively, it is also possible to estimate the polarization from the knowledge of the Born effective charges and atomic displacements using the expression:
where δτ κ,β is the displacement of atom κ along direction β from the paraelectric to the ferroelectric phase and Z * κ,αβ the Born effective charge tensor of atom κ. This provides P s = 20.73 µC/cm 2 in close agreement with the Berry phase estimate and coherent with the quasi-linear evolution of the polarization with the structural distortion seen in Figure 2 . We notice that Equation 2 gives access to the slope at the origin of the appropriate polarization branch in Figure 2 and provides an alternative easy way to identify it.
IV. HYPOTHETICAL HIGH TEMPERATURE
I4/mmm TETRAGONAL STRUCTURE Starting at high-temperature from the experimentally observed paraelectric A2/m structure, one would anticipate from the previous discussion, a transition to a non-ferroelectric P 1 ground state. Instead of that, experiments show that Bi 2 WO 6 exhibits low temperature phases of orthorhombic B2cb and P 2 1 ab symmetries, subgroups of the centrosymmetric I4/mmm parent phase, that is the high temperature paraelectric phase of all Aurivillius compounds with a number of perovskite blocks m>1. We so continue our study by considering the hypothetical I4/mmm paraelectric phase.
A. Structure
The I4/mmm structure as illustrated in Fig.3(a) , contains 2 formula units per primitive unit cell (18 atoms) and consists of Bi 2 O 2 fluorite-like layers alternating with perovskite-like blocks of corner-sharing octahedra chains. Since I4/mmm is not observed experimentally, an estimate of the paraelectric unit cell is deduced from the orthorhombic lattice parameters of the experimental ferroelectric phase cited in Ref. [16] , using a tetra = b tetra = 3.86Å (= a orth b orth /2) and c tetra = 16.52Å . In order to facilitate the comparison with the experimentally observed orthorhombic ferroelectric ground state, that contains 4 formula units per primitive unit cell (36 atoms), our calculations were performed in a tetragonal I4/mmm unit cell doubled along the [110] directions, where the lattice parameters become a = b = 5.45Å, c = 16.52Å (see Fig.3 (b) ), allowing the paraelectric and ferroelectric phases to have the same number of atoms and the same orientation. In what follows, a,b and c will be the vectors of our doubled unit cell so that a and b directions will refer to the [110] directions of the conventional centered unit cell and c to the direction perpendicular to them.
The structural parameters and internal atomic positions of the I4/mmm hypothetical structure after full atomic relaxation are reported in the top part of Table V. Our internal coordinates show good agreement with those calculated by Machado et al. in Ref. [16] who worked however at larger lattice constants, corresponding to experimental values estimated as discussed above.
We further notice that the internal energy of the relaxed I4/mmm structure is 156 meV per formula unit higher than that of the A2/m phase. From now, we will report the energies taking the I4/mmm structure as reference. A summary of the internal energies of all the phases studied will be provided in Section V.
B. Dielectric Properties
Our results for the dynamical effective charges of Bi 2 WO 6 in the I4/mmm phase, for non-equivalent atoms are presented in Table VI . In this case, the cartesian x, y, and z axis are aligned along the crystalline a, b and c directions.
As expected, there are large anomalous contributions to Z * , on W(+11e) and O 1 (-4.88e) atoms in the octahedral ab-plane and on W(+9.32e) and O 2 (-4.74e) atoms in the apical direction. Within Bi 2 O 2 layers, the large charges also observed on Bi(+5e) attest of the ionicocovalent character for bonding in both the fluorite-like and perovskite-like units of Aurivillius structures. Comparison with A2/m shows that Z * on W along W-O chains are in the same range of values for both structures, Optical dielectric tensor ε ∞ is given by:
  
These values are comparable to those reported for the A2/m phase.
C. Phonons Instabilities
Starting from fully relaxed tetragonal prototype structure, we computed the zone-center phonon modes of the doubled 36 atoms unit cell that, due to the folding of the Brillouin zone, combine in fact phonons at the Γ and X points of the Brillouin zone of the primitive unit cell. We identified five unstable phonon modes, twofold degenerated along a and b directions. The mode with the largest instability lies at the Brillouin zone center Γ with a frequency at 198i cm −1 and corresponding to the irreducible representation Γ In what follows, we will describe the atomic motions associated to the different unstable modes as deduced from the inspection of the real-space eigendisplacements are reported in Table VII. The strongest unstable mode Γ We notice that, in our calculations, only one polar mode is unstable, while the presence of a second unstable polar mode, related to a nearly rigid motion of Table VII.) . This difference probably arises from the slightly different cell parameters used in both calculations.
The second unstable mode X − 2 (ω = 183i cm −1 ), degenerated into X 
D. Intermediate and low temperature phases
The condensation of these different unstable modes within the paraelectric I4/mmm phase will lower the symmetry and decrease the energy. We have seen previously that the internal energy of the I4/mmm phase is significantly higher than that of the A2/m phase but its phonon instabilities are also about twice larger. This let us anticipate that the condensation of the latter could produce a decrease of energy one order of magnitude larger than those reported in the A2/m phase [34] and so yield phases with an internal energy eventually lower that that of the P 1 phase discussed in the previous section. The symmetry resulting from the condensation of individual unstable modes in the I4/mmm phase, together with the decrease in energy with respect to I4/mmm after full atomic relaxation within this given symmetry, are reported in the top part of Table VIII. Although the different unstable modes are twofold degenerated, we restricted ourselves to the condensation of one of the two degenerated modes since other combinations do not appear in the low-symmetry phase experimentally observed that are discussed later.
The condensation of the polar Γ − 5 (a) mode in the tetragonal paraelectric I4/mmm phase distorts the structure into a ferroelectric F mm2 (No. 42) phase lead-TABLE VII. Real-space eigendisplacements η of unstable and some relevant stable phonon modes of the hypothetical I4/mmm structure. The eigendisplacements are normalized for the 36 atoms cell according to < η|M |η >= 1, with the mass matrix M in atomic mass unit [28] . The internal coordinates of the different atoms are those of Table V. The phonon frequencies, reported in brackets, are in cm −1 . TABLE VIII. Differences of energies with respect to the hypothetical paraelectric tetragonal I4/mmm phase, ∆Et (in meV/formula unit), after full structural relaxations of the different phases arising from the freezing of one or more unstable modes. The space group of each phase is given in non conventional setting with c set as the long axis. The labels and frequencies ω (in cm −1 ) of relevant phonon modes are also provided.
Mode label ω Symmetry ∆Et Phases arising from single mode condensation Γ
Experimentally observed phases Γ
Hypothetical phases Γ
ing, after full structural relaxation, to cell parameters a=5.37Å, b=5.36Å and c=16.00Å. We observed that, amongst these phases, the largest decrease of energy arises from the condensation of the largest Γ − 5 instability. The related F mm2 phase does however still exhibit phonon instabilities.
The ferroelectric intermediate B2cb phase, observed experimentally, results from the combined condensation of two unstable modes Γ − 5 (a) and X + 3 (a) in the paraelectric I4/mmm phase, while the addition of a third mode X + 2 (b) allows the ferroelectric P 2 1 ab ground state to be reached. We notice that a proper (a) or (b) orientation of the unstable modes is necessary to match the experimental structure [16] , with a conventional a-axis direction for the polarization.
The relaxed structural parameters of B2cb and P 2 1 ab phases are presented in Table V and show the same good agreement with experimental data as the other phases previously discussed. For the B2cb phase we notice that, while LDA underestimates the lattice constants, in this case, the GGA calculation of Mohn and Stolen [17] overestimates them clearly. The related energy, with respect to the I4/mmm phase, are reported in Table VIII . The lowest internal energy is associated to the P 2 1 ab phase, which does moreover not exhibit any further phonon instability, in agreement with the fact that it corresponds to the experimental ground state.
We notice that there are many more ways to combine unstable phonon modes than those producing the B2cb and P 2 1 ab phases and we have explored few of them. We notice for instance that the hypothetical A2 1 ma phase (No. 26) resulting from the combined condensation of Γ − 5 (a) and X + 2 (b) mode is never observed experimentally, although it has a lower internal energy than the observed intermediate B2cb phase. The decrease of energy associated to the two phases B2cb and A2 1 ma is close to the sum of decreases of energy obtained by each individual instability producing them, emphasizing the weak interactions between the rotations and the polar mode. At the opposite, the P 2 1 /a phase (No. 14) arising from the condensation of X + 3 (a) and X + 2 (b) is much higher in energy emphasizing the fact that both types of rotations tend to exclude each others but not totally. Their combination with the polar mode will so produces the P 2 1 ab ground state.
At the end of Table VIII, we also check the sensitivity of the energy to the relative orientation of the different unstable modes appearing in the P 2 1 ab ground state. We see that replacing the X 
E. Coupling of lattice modes and energy landscape
Recently, the coupling of phonon modes in perovskite compounds has known a significant renewal of interest. For instance, the trilinear coupling between the polarization and two rotational modes in layered perovskite, like artificial (SrTiO 3 )/(PbTiO 3 ) superlattices [35] or natural Ruddlesden-Popper Ca 3 Ti 2 O 7 compounds [36] , has been identified as a promising road to achieve new and/or enhanced functional properties. Aurivillius phases like SrBi 2 Ta 2 O 9 are known to exhibit a similar type of trilinear coupling [3] and it is interesting to question if the same type of phenomena is also inherent to Bi 2 WO 6 . In what follows, we further quantify the contributions of individual phonon modes to the different phases previously discussed in order to get a better description of the energy landscape and significant phonon couplings.
The set of phonon eigendisplacements η i of the the I4/mmm phase (normalized such that < η|M |η >= 1) [27] defines a complete basis for the atomic distortions from I4/mmm to a given phase, X, so that we can decompose the atomic distortion vector ∆ from I4/mmm to X as a sum of contributions from the different modes i:
where the mode amplitude Q i is defined as
The mode amplitude can be further decomposed into the distortion amplitude A =< ∆ i |M |∆ > and the cosine director α i with respect to distortion direction η i such that i α 2 i = 1. The mode amplitude Q i quantifies which amplitude of η i has been condensed into I4/mmm to reach X, while α i better describes the relative contribution of the different modes entering into a given distortion.
In the top part of Table IX , we report the most significant mode contributions to the atomic distortions in the phases arising from the condensation of individual instabilities (limiting ourselves to contributions α i > 0.01).
We can see that the Abam and Amaa phases arise from the condensation of the related unstable mode only, while F mm2 , Amma and Bmab phases also involve small contributions of additional stable modes of the same symmetry, as induced by phonon-phonon anharmonic couplings. As highlighted in the previous section, the ferroelectric P 2 1 ab ground state results from the condensation of three distinct atomic distortions, Γ 
This teaches us that the presence of Γ Table X however, to the modes that have been condensed to reach the B2cb and P 2 1 ab phases, we only see significant contributions from Γ − 5 , X + 3 and X + 2 modes (the unstable ones and, eventually, higher-frequency modes of the same symmetries). This means that, although various trilinear coupling terms exist, none of them is strong enough to succeed condensing significantly any of the minor modes (i.e. α i is not rigorously zero but smaller than 0.01).
Since the contributions of all minor modes are negligible, we performed an expansion of the energy (in meV/formula unit) limiting ourselves to the major unstable modes that enter the observed orthorhombic phases only (i.e. Γ remains very similar in F mm2, B2cb and P 2 1 ab phases.
The coupling scenario in Bi 2 WO 6 is therefore rather different from those of other previously studied Aurivillius phases, namely, SrBi 2 Ta 2 O 9 (m=2) and Bi 4 Ti 3 O 12 (m=3). In SrBi 2 Ta 2 O 9 , the strongest instability is the octahedral tilting mode X − 3 around a/b direction and 
F. Spontaneous polarization
In both orthorhombic ferroelectric phases, the spontaneous polarization P s expands along a-direction only, with no component along c. We report, in Table X, the spontaneous polarizations of different observed and hypothetical phases as obtained using the Berry phase approach (P s (BP )) and using Eq.(2) and the knowledge of the Born effective charges and atomic distortions (P s (Z * )). Again, determination of P s (BP ) requires careful determination of the polarization quantum (see discussion in Section III-D).
In Table X we also report the contributions to the full polarization arising from the individual Γ − 5 polar modes. We see that the main contribution arises from the unstable Γ − 5 mode, which is also the most polar. We observe that the spontaneous polarization is rather constant in the different phases, in agreement with the weak coupling between polar and rotational modes, yielding an almost constant amplitude of Q Γ − 5 as discussed in the previous Section. The polar mode of highest frequency has a tiny contribution but tends to reduce the full polarization. We notice that P s (Z * ) slightly overestimates P s (BP ) , but since the same distortion is used in both approaches this has to be linked to the evolution of the Born effective charges along the path of atomic distortion and neglected in the computation of P s (Z * ). Independently, we also decomposed the polarization in terms of contributions coming from the individual layers: the main contribution (76 % of total polarization) comes from the perovskite-like block, due to the displacement of W opposite to its surrounding octahedral oxygen atoms O 1 and O 2 while a smaller part (24 % of total polarization) comes from the Bi 2 O 2 layer, due to Bi displacement opposite to O 3 . This means that the contribution of Bi 2 O 2 to the polarization is not dominant, contrary to the usual belief [6] .
V. DISCUSSION
In the previous Sections, we have discussed many different phases of Bi 2 WO 6 . In Figure 4 , we provide a summary comparing the internal energies of all the phases we have studied. This diagram gives a global view and helps clarifying the phase transitions.
At high temperature Bi 2 WO 6 crystallizes in a monoclinic A2/m structure. Starting from this configuration, displacive phase transitions are possible to A2 or P 1 phases. However, Bi 2 WO 6 can adopt another polymorphic I4/mmm tetragonal form, which displays much stronger phonon instabilities, yielding orthorhombic B2cb and P 2 1 ab phases of lower energies. Starting at high temperature from the A2/m structure, the system has to exhibit a reconstructive phase transition to reach the P 2 1 ab ground-state.
VI. CONCLUSIONS
We have performed a first-principles study of Bi 2 WO 6 using Density Functional Theory within the Local Density Approximation.
First, we characterized the high-temperature paraelectric monoclinic A2/m phase. Phonon frequencies and dielectric properties were computed. This monoclinic structure, with a configuration mixing edge-sharing and corner-sharing (WO 4 ) −2 octahedra, exhibits like in typical perovskites anomalous Z* on W and its surrounding oxygens along the corner-sharing chains, yielding potentially a non-negligible spontaneous polarization along this direction. Lattice dynamics study reveals four structural insabilities that lead the system to energetically quasi-equivalent monoclinic phases. One of these phases is ferroelectric with space group A2 and a spontaneous polarization of 20 µC/cm 2 . Second, we considered a hypothetical paraelectric I4/mmm phase that, although not observed experimentally, has a symmetry that is the supergroup of the low temperature orthorhombic phases, observed experimentally. We fully characterized the I4/mmm phase, that exhibits five degenerated phonon instabilities. Our calculations agree with the observation that Bi 2 WO 6 has a P 2 1 ab ground-state structure. This ground state can be reached from the condensation of three unstable phonons in the paraelectric I4/mmm phase : a polar mode, Γ − 5 , a rotation of oxygen octahedra around c-axis, X + 2 and a tilt of oxygen octahedra around a-axis, X + 3 . The experimentally observed B2cb phase appears as an intermediate phase along this path, arising from the condensation of the Γ − 5 and X + 3 modes. Our calculations reveal a weak coupling between the different modes entering the ground-state and the absence of significant distortion arising from minor modes allowed by symmetry. As in other perovskite ferroelectric oxides, the Z* are anomalously large, yielding a strong spontaneous polarization of 48 µC/cm 2 in the P 2 1 ab phase. The significantly lower internal energy of the P 2 1 ab phase, compared to the P 1 phase, is in agreement with the fact that starting from A2/m phase, the system displays a reconstructive phase transition. 
VIII. APPENDIX
In this Section we report for completeness the full set of Γ phonons in the A2/m (see Table XI ) and I4/mmm phases (see Table XII ) of Bi 2 WO 6 as computed within the LDA in the fully relaxed structures. For the A2/m phases no previous calculations have been reported and no experimental data are available. Our results therefore constitute a theoretical prediction that might be useful to interpret future experimental measurements. For the hypothetical I4/mmm phase, our results are compared to those of Machado et al. [16] also within the LDA but at a larger volume. As usual in ferroelectric oxides, the use of a larger volume favors the ferroelectric instability.
